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ABSTRACT
The Siemens Artiste MVision integrated imaging system is an IGRT tool that

enables the therapist to better align a patient before treatment commences with
volumetric MV cone-beam imaging. This system can also possibly be used as a tool in
tracking a patient’s daily dose over the course of their treatment.

The imaging system is required to achieve an adequate level in numerous

performance categories compared to a traditional CT. These characteristics are
investigated using a CATPHAN 504 imaging phantom and include, uniformity,

resolution and contrast as well as a CT number to ED calibration. In order to track a
patient’s daily dose accurately organ delineation and dose calculation must be

achievable on the resulting images of a patient scan. A CIRS IMRT phantom was used

to simulate a patient’s anatomy and enable dose calculation comparison between the
MV and CT imaging systems. This was followed with a two patient pilot study
including DVH comparison of critical organs and target volumes.

The system shows a non-uniform response to a uniform material, there is an

over-correction of the cupping effect in which the centre region of the image is
assigned a greater value compared to the traditional CT gold standard. The spatial
resolution of the system is determined to be two line-pairs per cm and its contrast
ability for an object of fifteen mm is greater than one percent.

The phantom study has shown that the reliability of the CT number to electron

density calibration has a significant effect on the accuracy of the dose calculation. The
phantom study with CT-ED calibration resulted in differences ranging from 1.7% for a

simple solid water only AP 10 cm x 10 cm beam through to 14.5% for the lateral 10
cm x 10 cm beam passing through a significant portion of bone. With forced ED’s the

same phantom scenario’s presented results varying from 0.8% for the simple solid
water AP 10 cm x 10 cm beam, through to 3.4% for the AP 10 cm x 10 cm scenario
passing through a lung insert.

The patient’s daily dose is a measurable quantity, it is possible to track the

doses received to each Organ at Risk and also the accumulated dose to the target,
II

however the accuracy of such measurements at this time is insufficient to be used
clinically and further improvements will be required.
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1 INTRODUCTION
1.1 MODERN RADIOTHERAPY
Radiotherapy has evolved significantly in the last twenty years, volumetric

imaging, faster computers and more dynamic treatment machines have lead the way

to more complex treatment types. 3D conformal and Intensity Modulated

Radiotherapy (IMRT) treatments are currently standards of care in many facilities,

this has increased the requirement for accurate patient localisation leading to

volumetric Image Guided Radiotherapy (IGRT)(Mackie, et al. 2003). IGRT has given

therapist’s exact knowledge of tumour location at the time of treatment as well as
control of tumour movement throughout the treatment, allowing Planning Target
Volume (PTV) margins to be reduced from cm’s to mm’s (Verellen, et al. 2007). With a

successful reduction in patient setup error from 5-10 mm to 3 mm there is the

potential for significant dose escalation (Jaffray and Siewerdsen 2000) leading to

potential improvement in treatment outcomes. Advances in medical imaging including

improvements in and the availability of; Computer Tomography (CT), Magnetic
Resonance Imaging (MRI) and Positron Emission Tomography (PET) has given

clinicians more information (anatomical and physiological) to aid in accurately
identifying tumour volumes (Bucci, Bevan and Roach 2005). Tumour Control

Probability (TCP), is proportional to the dose of radiation delivered (Verellen, et al.

2007), allowing modern radiotherapy departments with the aid of these techniques to
strive to deliver higher doses to more conformal, accurately defined targets while
minimising normal tissue involvement.

1.2 THE SIEMENS ARTISTE™ AND MVISION™
The Siemens IGRT product MVision™ is a Mega Voltage Cone beam CT system.

It uses the treatment beam of the Artiste™ LINAC (6MV) and an amorphous silicon

detector as the imaging plate. The system is setup to be used for both single exposure

2D images and rotational exposures producing full 3D CBCT data sets. As the imaging
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beam is one and the same with the treatment beam there is only one radiation

isocentre reducing the complexity of the system. The 6MV x-rays are significantly

higher energy than that used within a conventional CT and as such some imaging
properties are dissimilar.

The system is calibrated to be linear in response within a fixed range of MU’s to

reduce distortion of the image. The system HU numbers are calibrated with a two-

point calibration at this MU setting with a Siemens calibration phantom. The

calibration consists of an air sample and a pseudo-water sample both in the centre of
the phantom (see appendix 1 for calibration details and results).

Software tools available for image manipulation consist of basic image quality

filters, including smoothing, sharpening and edge finding. There is also a set of tools

designed to restore the prominent “cupping” image quality artefact associated with

the increase in scatter fluence relative to primary fluence due to the cone-beam
geometry. These tools include three levels of correction for differing anatomy, Head &
Neck (H&N), Pelvis and Thoracic and then three anatomical sizes, Small, Medium and

Large. Each filter applies a different level of geometric based correction in the

reconstruction phase of image production, with Large Anatomy in conjunction with
Thoracic Filters applying the most severe correction while Small Anatomy with H&N
filters the least severe.

1.3 MV CBCT – ONLY AN IMAGING GUIDANCE TOOL?
IGRT – The focus of this thesis will be the Siemens Mega-Voltage Cone Beam CT

(MV-CBCT), MVision™, which is integrated into their treatment Linear Accelerator

(LINAC) using the 6 MV treatment beam and an Electronic Portal Imager (EPI). Three

other options commonly available in integrated treatment room imaging are: an in
room traditional kilo-Voltage (kV) CT on rails, LINAC integrated kV-CBCT and MV Fan

Beam CT. The MV fan beam CT is currently available with TomoTherapy® systems,
while Varian and Electa offer LINAC integrated kV CBCT.

IGRT has evolved from the use of two-dimensional (2D) portal images to the

acquisition of full volumetric data sets prior to treatment. Three-dimensional (3D)
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data sets allow therapists to visualise soft tissue not just a 2D projection of the patient
containing high contrast features such as bone and fiducial markers. The aim of both

techniques is to better align the patient with respect to their planned position in the

treatment planning data set (Chen, et al. 2006).

Verification & Adaptive Therapy – Although these systems were designed to

provided accurate imaging to align the patient’s position moments before treatment
the images gained can potentially be used to perform a retrospective dose calculation

providing dosimetry of that days treatment (Morin, et al. 2007). Measurable changes
to patient anatomy occur during a course of Head & Neck fractionated radiotherapy,

these changes usually involve reductions of organ/target volumes, shifts in a

structures centre of mass and distortion of the external shape of the patient contour
(Barker, et al. 2004). It is specifically more evident in the case of Head and Neck
tumours, but generally in any radiotherapy treatment there is a need for the review of

the initial treatment plans accuracy and suitability on the patient’s current anatomy.
With the possibility to recalculate the dose delivered for any particular fraction more

information can be gained and assessed in order to better tailor the treatment plan to
the patients changing anatomy (Cheung, et al. 2009).

Non-CT Compatible Objects – The Siemens IGRT solution has the ability to image

traditionally non-CT compatible objects such as joint replacements (e.g. hip

prosthesis) and other metal implants such as those found in the head & neck region
(e.g. dental work). Images obtained with predominately Compton scattering high-

energy photons have been used to aid in organ delineation and the accurate
assignment of electron density values (Aubin, et al. 2006).
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This study will aim to determine the suitability of the Siemens Artiste™ and its

MVision™ Imaging System in producing images of sufficient quality to aid in the

implementation of IGRT, the provision of “daily dose” and to provide supplementary

image sets for the purpose of treatment planning in both a prospective and
retrospective context.
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2 LITERATURE REVIEW
2.1 CONE BEAM CT
The proposed use of the MV treatment beam to acquire CT images of the

patient in their treatment position appears to have originated in 1982, (Simpson, et al.
1982) incorporating a one dimensional detector with a 4 MV treatment LINAC

creating a CT scanner in order to acquire data for treatment planning and to verify

patient setup prior to treatment, this work was continued and clinical cases presented
in 1983, (Swindell, et al. 1983). This and numerous other systems to follow used a

single dimensional array of detectors to record a single slice tomogram per gantry

rotation, followed by a translation of the couch in the longitudinal direction. This
method is slow and prone to missing patient setup errors in the longitudinal direction
as the imaging is coupled with movement in this axis.

A two dimensional detector however has the ability to obtain a fully three-

dimensional image set with a single rotation of the gantry and no translation of the

patient and couch. This, known as a cone-beam CT device, can produce both 2D and
3D images of the patient in their treatment position with a single rotation of the
gantry providing significantly more information about the patient’s anatomy at the
time of treatment (M. A. Mosleh-Shirazi, et al. 1998).

Initial cone-beam CT systems in the radiotherapy environment include a MV

system developed by Mosleh-Shirazi, (M. A. Mosleh-Shirazi, et al. 1998), who obtained
cone-beam CT images with a custom scintillation type electronic portal imaging device

(EPID) and the MV treatment beam of their Philips SL25 treatment LINAC. At roughly

the same time Jaffrey, (Jaffray, et al. 1999), was reporting a kV imaging system that
was mounted in the plane perpendicular to the treatment beam. This system again

used a custom scintillation type electronic portal imager opposed to a kV x-ray

generator.

Each of the three major LINAC vendors (Siemens, Varian & Electa) now has a

CBCT product line due to CBCT systems becoming an increasingly popular tool for

patient localisation in Image Guided Radiotherapy, plan adaptation to reflect patient
5

anatomy changes in Adaptive Radiotherapy and as a complementary imaging system
in the presence of non-CT compatible objects.

2.2 IMAGE RECONSTRUCTION, FILTERS & CALIBRATION
Initial interest in the reconstruction of three-dimensional images was reported

in 1975 with (Orlov 1975) who initially set out the conditions required to reconstruct
a three-dimensional object from a given set of projections. This work was carried out
for application within electron microscopy. These conditions provided a theoretical

starting point however they where not directly applicable in practice (Wang, et al.
1993). The early to middle 1980’s brought about the need for three-dimensional,
cone-beam, reconstruction methods for medical applications including Positron

Emission Tomography (PET) and Conebeam CT with cardiac applications. The later of

these using a circular orbit of source positions around the object of interest requiring
different reconstruction techniques than those put forward by Orlov in 1975 which
required a spherical distribution of source projections. An analytical algorithm was

presented, (Feldkamp, Davis and Kress 1984) based on convolution and 3D
backprojection, this algorithm was successfully used in the same geometry as

required by the cardiac application within industrial non-destructive investigations.
The algorithm was further refined and generalised in 1993 with (Wang, et al. 1993)

who maintained its efficiency while increasing its versatility and the accuracy in
which detail off mid-plane was reconstructed. The Feldkamp or FDK algorithm is the
basis of the reconstruction process within the Siemens MVision™.

To aid in the extraction of useful data from a digital image set, the images are

often filtered in order to best display the most useful information. There is a

magnitude of imaging filters addressing numerous image qualities such as, noise

reduction (smoothing), edge finding, image sharpening and image segmentation to
name a few.
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a.

b.

c.

Figure 2.1 – Example of the convolution of an averaging filter with slightly higher weight given
to the central pixel. The original image (a) is convolved with the filter kernel (b) to produce the
resulting image (c). Notice the blurring effect of the filter also referred to as smoothing. Image
processing was undertaken within image-j software.

Figure 2.2 – Example of severe smoothing within the frequency domain again using the image-j
software. The original image (a) was transformed to the frequency domain using Fast Fourier
Transform (FFT) (b) to represent the intensity of frequencies within the original image. The
high frequency component was then removed by setting their intensity to zero (c) and the
modified frequency domain was inverse FFT to produce an image lacking in detail (d).
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Filters are generally applied by one of two methods, a filter kernel (matrix) is

applied to each pixel of the image matrix as shown in figure 2.1, or the image is
transformed (Fourier Transformation) to the frequency domain and frequency filters
are applied within this space as shown in figure 2.2.

Filters play an integral part in producing images of sufficient quality from the

Siemens CBCT. Shading artefacts, and in particular the “cupping” artefact are of the

same nature as in conventional slice based CT, however the magnitude of the cupping
artefact is significatly increased due to an increase in scattered radiation, (Siewerdsen
and Jaffray 2001). The “cupping” artefact is the reduction and non-uniformity of voxel

values in a uniform medium, creating a cup shaped profile, (Hsieh 1995). The severity

of the “cupping” artefact increases with an increase in the ratio of scattered to primary
radiation, (Siewerdsen and Jaffray 2001), making it a requirement of any solution to
be versatile with different imaging geometries and imaged object size.

It is reported that the influence of even severe “cupping” on dose calculation is

limited to within five percent for a single field, (Chen, et al. 2006), and as such a simple
geometric correction function is a suitable solution to the problem, (Chen, et al. 2006).

The magnitude of the correction function can be changed to suit pre-defined anatomy
types and sizes giving the filter better functionality over a range of applications. A
more complex solution is to model the scatter with a simple pencil beam model

(assuming a homogonous object) and subtract it from each portal image resulting in a

set of transmission images constituting of the primary fluence alone, (Petit, et al.
2008). While this method is more flexible and accurate it is complicated and requires
adequate modeling of scatter kernels in order to achieve this. It is also hardware

intensive and time consuming, this solution is still in its early stages of
implementation and so more refined and quicker models can be expected.

It has been reported since the early 1990’s that the accurate calibration of

Hounsfield Units (HU) of an imaging device to electron density is important in
accurate dose calculations, (Constantinou, Harrington and DeWerd 1992). This task is

made more difficult in CBCT as the scatter conditions and beam hardening are
variable and dependant on the volume and shape of the object being imaged resulting

in different Hounsfield Units for equivalent tissues, (Hatton, McCurdy and Greer
8

2009). The calibration conditions therefore must match the patient imaging
conditions for accurate HU-ED calibration and as such numerous calibrations will be
required for differing patient anatomy, (Hatton, McCurdy and Greer 2009).

As a separate approach to avoid having numerous HU-ED calibration curves,

the CBCT scan can be registered to an original traditional kV CT with a calibrated HU-

ED curve and have the ED values transferred (Yang, et al. 2007). This method

requires deformable registration of the two image sets to acquire accurate definition
of electron density on the CBCT. The imaging is then exclusively used to determine

patient set-up and localisation of internal anatomy at the time of treatment with the
accuracy of the electron density assignment limited only to the accuracy of the image
registration.

2.3 KILOVOLTAGE FAN-BEAM CT & LIMITATIONS WITH PROSTHESIS
Traditional kV CT suffers from “streaking” artefacts with the presence of high Z

(atomic number) elements due to an increase in attenuation at diagnostic energies,

(Vande Berg, et al. 2006). The artefact is mainly caused by the inaccurate assumption

of a mono-energetic imaging beam by the commonly used Fourier Back Projection

(FBP) reconstruction algorithm, (Vande Berg, et al. 2006). The assumption leads to

incorrect reconstructions and the presence of bright streaks emanating from the high
Z materials due to their higher attenuation of the low energy component of the
imaging beam. Between two such high-density regions there is also commonly seen a
dark shadow generated due to the almost total attenuation of photons, hence none
reaching the detector (photon starvation), (Coolens and Childs 2003). Other factors

involved in the creation and severity of the “streaking” artefact are, noise, scatter,

exponential edge gradient effect, under sampling, motion and partial volume effects,
(De Man, et al. 1999).
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Figure 2.3 – Coronal and Axial kV CT cross-sections of a normal pelvic region (a&b), and of a
similar pelvic region containing bi-lateral hip prosthesis (c&d). Delineation of the bladder &
prostate in the presence of bilateral hip replacements is difficult if not near impossible.

The effect of this particularly severe artefact on Radiation Therapy treatment

planning is twofold; the shadows or streaks are often located in such a position as to

render target and organ at risk delineation difficult, (see figure 2.3). The second issue

arising due to the CT numbers being incorrect in these regions is the inaccuracy of
subsequent heterogeneous dose calculations, (Aubin, et al. 2006).

To aid in the delineation of the target and organs at risk in these cases a second

image set is required that is not as adversely affected by the presence of the high Z

materials. MRI is a suitable supplementary imaging modality for use in the delineation

of prostate cancer, (Charnley, et al. 2005). This contributes an additional source of

error as the registration of the two image studies can lead to localisation differences
of up to 5 mm. The distortion of the MR image by the presence of the high Z implant
material may also result in geometric and spatial inaccuracies of 2 mm, (Charnley, et

al. 2005). The MR images are also not able to provide electron density information for

accurate dose calculation, (Aubin, et al. 2006), and so other means or approximations
such as forced densities are required.
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MV CBCT is an ideal solution to both problems (Aubin, et al. 2006); the patient

is in the same position as required for treatment and provided there is sufficient soft

tissue contrast this will enable accurate delineation of target and organs at risk. The

MV CBCT will also enable accurate heterogeneous dose calculation provided there is

an accurate HU-ED calibration, as the imaging system does not suffer severe artefacts
from non-CT compatible objects.

2.4 IGRT, IMRT & NOW ART
With the introduction of more precise methods of beam modulation on modern

LINACS, namely multi-leaf collimation systems, it has become easier to conform dose
to tighter margins around a non-uniform volume. This only becomes effective

however if the size, shape and location of the target volume is precisely known in both
its initial planning instance and for each daily treatment (Chen, et al. 2006). And so the

advent of volumetric imaging of the patient in their treatment position prior to or
during their treatment increases the effectiveness of the more complex and conformal

treatment styles. Each major LINAC vendor has an imaging solution alongside the

availability of a number of third party systems, each designed to enable the therapist
better localisation of the target volume for each treatment session. The volumetric

imaging not only enables the therapist to align large dense structures such as bones
but also the ability to account for soft tissue organ movement within the bony frame,

(Chen, et al. 2006). Fiducial markers (typically comprised of gold) aid in this scenario
as they can be inserted within a tissue of interest. This enables soft tissue movement
to be tracked via the movement of the more easily identifiable fiducial markers
(Shimizu, et al. 2000).

A further use of this existing technology is to re-compute the patients “daily

dose”, the dose that was actually received by the patient on the day the images were

taken, (Cheung, et al. 2009). This tool would provide information of the doses received

to OAR and the planning target volume for the Oncologist and treatment planning

staff, providing them with the opportunity to modify the plan in order to compensate

for over or under dosing due to changes in patient anatomy that were unable to be
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corrected for by patient alignment in the treatment room, (Cheung, et al. 2009). This is
a retrospective method of monitoring the patient’s cumulative dose and any changes
or adjustment to dosing are done off-line.

This study aims to determine the suitability of the Siemens Artiste™ and its

MVision™ Imaging System for the provision of images for Radiotherapy Treatment
Planning. It will investigate the quality of images produced by the system and then
determine if the system is suitable for accurate dose calculation and the provision of a
patient’s daily dose.

12

3 METHODS
3.1 MV CBCT CHARACTERISTICS – IMAGE QUALITY & CT-ED
To assess the quality of images acquired by the Siemens Artiste MVision

system, a CATPHAN 504 image quality phantom was used. The phantom was initially
aligned and scanned on the clinics GE Lightspeed CT with a fine resolution Head &
Neck protocol, 120kV, 350 mA and 2.5 mm slice thickness. This image set is the

baseline in which the MVision system will be compared.

With the baseline image set acquired the phantom was aligned in an identical

position on the treatment couch of the Artiste LINAC. The phantom was scanned using
the clinics default medium pelvis CBCT protocol. The raw projections were then

retrospectively reconstructed using differing variations of the anatomy parameters
provided within the Siemens software. A total of nine image series were obtained as

detailed in table 3.1;

Table 3-1 CATPHAN Reconstruction Protocols.

Anatomy

Head and Neck Anatomy

Pelvis Anatomy

Thoracic Anatomy

Size

Small

Medium
Large
Small

Medium
Large
Small

Medium
Large
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These numerous image sets were transferred to an offline computer for later

processing using the imaging tool ‘ImageJ’. Spatial resolution, image contrast and
image uniformity where all assessed and compared to the golden standard, kV CT.

The CATPHAN 504 also contains a series of inserts varying in density over a

range sufficient to cover naturally occurring tissues within the human body. Due to
the lack of scatter provided by the clinics primary CT-ED phantom (CIRS model 062)
these inserts where used as a representative Head and Neck geometry.

Figure 3.1 – Excerpt from CATPHAN manual showing location of each densitometry rod within
the phantom.

The average CT number of each ROI (properties described in table 3.2) was

measured with a ~6mm diameter circle for each of the scans and compared to that

obtained with the kV CT. The standard deviation for each region of interest (ROI) is
also reported.
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Table 3-2 CATPHAN 504 Phantom, Electron Density Insert Properties.

Air

Material
Composition

0.78 N, 0.21 O, 0.01 Ar

Position within
Phantom

Electron Density
Relative to H 2 O

PMP

C 6 H 12 (CH 2 )

11 o’clock

0.853

(Low Density
Polyethylene)

C2H4

9 o’clock

0.944

Water

H20

*Not Present*

1.00

Polystyrene

C8H8

7 o’clock

1.017

Material

LDPE

12 o’clock

0

CATPHAN
Material

0.672 C, 0.209 O,
0.098 H, 0.021 N

Remainder of
Phantom
5 o’clock

1.146

Delrin™

Proprietary

3 o’clock

1.353

Teflon

CF 2

1 o’clock

1.867

Acrylic

C5H8O2

1.033

3.2 MV CBCT PLANNING – PHANTOM STUDY
The phantom study was undertaken with the CIRS IMRT torso phantom. The

phantom was setup with four differing tissues, (material properties in table 3.3) in
positions as shown in figure 3.2;
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Anterior

Bone

Muscle

Left

Right

Lung

Adipose
Posterior

Figure 3.2 – Setup of CIRS IMRT Torso phantom with 4 differing density inserts, general
phantom material is plastic water.
Table 3-3 CIRS IMRT Torso Phantom, Electron Density Insert Properties.

Phantom Material

Electron Density Relative to
H2O

Adipose

0.949

Lung

0.207

Plastic Water

~ 1.00

Bone

1.506

Muscle

1.042

The phantom was initially imaged with the clinics GE Lightspeed CT scanner on

a default 2.5mm slice pelvis protocol to establish a baseline. The images where sent to
CMS Focal (a contouring and review package coupled with the CMS XiO treatment
planning software) for body contouring and additional contours added around the

different density inserts. The phantom was then imaged with the Siemens MVision
CBCT with the clinics standard medium sized pelvis protocol. These images were

again sent to CMS Focal however this time the image set was registered to the baseline
CT and the CT contours transferred onto the CBCT study, as the phantom was known
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to not have deformed. Due to slight truncation in both the superior and inferior

directions (CBCT limited FOV of 27cm) on the CBCT study set the kV patient outline

was used as the main body contour with an additional Air-Fill contour added by
subtracting the CBCT body from the kV body contours. The resulting Air-Fill contour

was forced to a relative electron density of one, i.e. water, and represented the regions
of the CBCT study that had been clipped with the limited FOV. A third study set was

created using the CBCT images and contours however in this study the body contour
was forced to a relative electron density of one, while each of the insert contours was
forced to the relative electron density (table 3.4) as reported by the kV CT study set.
Table 3-4 Electron Density’s Assigned to the 2nd CBCT Study Set.

Body

Forced Electron Density,
Relative to H 2 O
1.00

Muscle

1.03

Contour
Air Fill
Lung
Fat

Bone

1.00
0.18
0.92
1.45

Once in the XiO planning environment a single beam was added to each study

set and oriented in a number of different locations to test different properties of the
phantom and its setup for accurate dose calculation. Five different scenarios were
generated for the three study set configurations with beam parameters as follows;
Constant Beam Parameters;
•
•
•
•
•

6 MV Treatment Beam
SAD = 100 cm

Field Size = 10 x 10 cm2

Collimator = 0°

Prescription = 100 cGy to Isocentre
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Scenario 1 – Simple beam geometry with beam passing through plastic water
alone;

a.

b.

c.

Figure 3.3 – Scenario 1 as planned with the kV CT (a), MV CBCT with calibrated relative electron
densities (b) and MV CBCT with forced densities (c). Beam parameters; Gantry = 0°, Source Skin
Distance = 90 cm, kV CT Isocentre = (-0.04, 6.58, -0.24) cm, MVCBCT Isocentre = (0.02, 6.67, 0.07) cm, coordinates are: (LR, SI, AP).
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Scenario 2 – AP beam passing through lung and then low contrast
inserts;

a.

b.

c.

Figure 3.4 – Scenario 2 as planned with the kV CT (a), MV CBCT with calibrated relative electron
densities (b) and MV CBCT with forced densities (c). Beam parameters; Gantry = 0°, Source Skin
Distance = 90 cm, kV CT Isocentre = (-0.04, -0.87, -0.24) cm, MVCBCT Isocentre = (0.02, -0.78, 0.07) cm, coordinates are: (LR, SI, AP).
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Scenario 3 – Lateral field passing through a small cross-section of bone;
a.

b.

c.

Figure 3.5 – Scenario 3 as planned with the kV CT (a), MV CBCT with calibrated relative electron
densities (b) and MV CBCT with forced densities (c). Beam parameters; Gantry = 90°, Source
Skin Distance = 85 cm, kV CT Isocentre = (-0.04, -0.87, -0.24) cm, MVCBCT Isocentre = (0.02, 0.78, -0.07) cm, coordinates are: (LR, SI, AP).
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Scenario 4 – lateral beam passing through plastic water with some field
edge inhomogeneities;

a.

b.

c.

Figure 3.6 – Scenario 4 as planned with the kV CT (a), MV CBCT with calibrated relative electron
densities (b) and MV CBCT with forced densities (c). Beam parameters; Gantry = 270°, Source
Skin Distance = 85.1 cm, kV CT Isocentre = (-0.04, -0.87, -0.24) cm, MVCBCT Isocentre = (0.02, 0.78, -0.07) cm, coordinates are: (LR, SI, AP).
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Scenario 5 – Lateral beam passing through a large cross-section of bone;
a.

b.

c.

Figure 3.7 – Scenario 5 as planned with the kV CT (a), MV CBCT with calibrated relative electron
densities (b) and MV CBCT with forced densities (c). Beam parameters; Gantry = 90°, Source
Skin Distance = 85 cm, kV CT Isocentre = (-0.04, -7.37, -0.24) cm, MVCBCT Isocentre = (0.02, 7.28, -0.07) cm, coordinates are: (LR, SI, AP).
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For each of the scenarios two dose profiles were collected from the XiO

planning system. Each profile originated from the axial slice that contained the beam
isocentre with the first running down the beam’s central axis to provide percentage

depth dose (PDD) information and the other traversing perpendicular to the beam

axis passing through the beam isocentre to provide beam profile information. Each
profile was exported to an ASCII file and later imported into Microsoft Excel for
analysis with comparison and visualisation using a small graphing program ‘Plot’.

3.3 MV CBCT PLANNING – PATIENT STUDY
Within the current clinical protocol patients undergoing IMRT type treatments

are also having a day one (i.e. first day of treatment) MV-CBCT. This scan is then
transferred back into the clinics planning environment, CMS Focal, for review.

For the purpose of this research the patient CBCT image set was used in

conjunction with the planning kV CT image set and contours in a similar fashion to the

phantom study. The two image sets were fused using the tools available within Focal,

this is a non-deformable registration and relies heavily on the patient’s planning
simulation setup being accurately reproduced at the time of treatment. With the two
data sets merged the planning contour set was transferred to the MV-CBCT data set

and the contours were reviewed and edited for changes in anatomy as visible on the
CBCT scan. To combat the limited FOV available on the CBCT system, the kV Patient
outline is adapted to the MV image set and any difference between this and the visible
MV patient outlined is assigned a relative electron density of 1, as shown in figure 3.8.
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a.

b.

c.

d.

Figure 3.8 –The raw MV data set (a) has the kV patient outline transferred onto it (b) displaying
the assumed patient surface. An intermediate contour is then generated as the subtraction of the
MV patient outline from the kV patient outline (c). This results in a structure describing the air
gaps (d) present within the patient due to the patient scan been clipped by the MV imaging
system.

The CBCT data set that at this stage is contoured is then transferred to CMS XiO

for application of the patients treatment plan in order to observe differences in the
patients daily dose opposed to their planned dose. This was achieved by loading the
patient plan as a QA plan onto a “phantom” study set, that been the patients day one

CBCT scan. This reproduces the patient’s plan exactly as treated and after necessary

dose calculations; dose volume histograms for the target and organs at risk are

generated.

As a result of poor system performance in the phantom study (as seen in

section 4.1 & 4.2), two patients have been selected as a representation of what can

possibly be achieved, and of how the system is currently not in a position to be used
clinically for this application. The cases presented are both prostate cancer cases and
each will contain multiple targets and organs at risk. Both cases are of an IMRT

treatment style and one of the cases incorporates bi-lateral hip prosthesis, an example
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of where the MV imaging system could be of significant benefit over the artefact prone
kV CT.

Both prostate plans are a two-phase treatment and due to the fact that the

CBCT data is acquired on day one of the patient’s treatment course the phase one plan

will be used as the point of comparison. Both cases prescribe 60 Gy over 30 fractions

(2Gy/Fx) during phase one. Both plans are a five-field step and shoot style IMRT

technique. The first case containing the bilateral hip prosthesis has fields placed to

avoid these high-density regions, gantry angles of: 180°, 240°, 320°, 45° & 120°. The

second plan is of a similar beam arrangement with gantry angles of: 180°, 265°, 310°,

44° & 103°.

IMRT style treatments are generally evaluated on the strength of their Isodose

coverage and Dose Volume Histograms; to evaluate the day 1 treatment delivery a

DVH comparison will be undertaken of both Target volumes and Organs at Risk for
both patients.
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4 RESULTS
4.1 MV CBCT CHARACTERISTICS – IMAGE QUALITY & CT-ED
The uniformity of the imaging system was assessed with the profile function

within ‘ImageJ’ across the kV baseline and each of the differing protocol reconstructed

MV series on an identical region of the phantom (± 1 slice). Significant results are

plotted in figure 4.2, showing the “Small & H&N Filters” MV protocol compared with
the kV baseline. Other results are of greater deviation from the baseline and can be
found in appendix 2.

Figure 4.1 – Uniformity cross-sections of the CATPHAN 504, left showing the MV CBCT image
and right the kV CT baseline. A profile of each cross-section is presented in figure 4.2.
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Figure 4.2 – Uniformity of the MVision CBCT imaging system in the blue against the kV CT
Baseline shown in the red. Notice the over response of the system in both air and in the
phantom material.

The uniformity of the CBCT system is poor; there are a number of issues arising

with the scanners response to a uniform material. Figure 4.2 shows that the scanner is
over responding in both the water equivalent material, (central region of profile), and

in the air surrounding the phantom (profile tails). Upon further investigation it is also

noted that the profile is asymmetric with the right side of the profile appearing duller
then the left. The profile also appears bell shaped (rounded through the central

region) suggesting that with the smallest level of filtering/correction for the “cupping
artefact” that the “Head & Neck / Small Anatomy” filters are over-correcting for a

phantom of diameter 20 cm.

As the combination of the “Small Anatomy & H&N” filters provide the best

possible combination for image uniformity all other test’s for the CATPHAN 504 will
be conducted with these imaging parameters.

The spatial resolution of the MVision imaging system was ascertained using

striped bars representing differing line pairs/cm. The phantom provides sets of bars

for resolutions down to 21-line pair/cm (gap size of 0.24 mm). The striped bars

appear only on two slices of each image set and so the visually best slice from each

was used to ascertain the spatial resolution of the imaging system.
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Figure 4.3 – Spatial resolution segment of the CATPHAN 504 image quality phantom, left
showing the MV CBCT acquired image and right the kV CT Baseline image.

‘ImageJ’ was again used to visualise each of the images required to define the

spatial resolution and the result was recorded as the last set of stripes moving anticlockwise from the largest that still contained discernable gaps as seen in figure 4.3.

The spatial resolution of the MVision CBCT system with 2-line pair/cm visible is

substantially less then the kV CT showing 5-line pair/cm. The former result reflects a
gap size of 2.5 mm compared to the later result of 1.00 mm.

Low contrast resolution was assessed visually with ‘ImageJ’, the low contrast

module of the CATPHAN 504 phantom was visible on multiple slices of the kV image

set hence the central most slice was used. The same slice (± 1 slice) was used on the

MV CBCT image set, it is important to note that the low contrast module was not
visible on any of the MV CBCT slices however. The module contains three contrast
levels with numerous discs of varying size for each.
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Figure 4.4 – Low contrast resolution segment of the CATPHAN 504 image quality phantom, left
showing the MV CBCT acquired image and right the kV CT Baseline image.

The kV baseline system is capable of showing a 3 mm diameter circle at 1 %

contrast and a 5 mm diameter circle at 0.5 % contrast. None of the 0.3 % contrast

circles were visible on the kV image. The MVision CBCT image however was unable to
display any of the low contrast discs giving its low contrast resolution a value greater

then 1 % at a diameter of 15 mm.

To calibrate the HU numbers to Relative Electron Density (relative to water)

the CATPHAN 504 sensitometry module containing samples of materials with known

electron density was used as the phantom itself provided scattering material around

the module. The geometry was analogous to that of Head & Neck anatomy and hence
“Small Anatomy and the H&N” filters were again used. ‘ImageJ’ was used to obtain
data from within the central slice containing the densitometry inserts.
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Figure 4.5 – Plot of HU-ED calibration’s using the Sensitometry inserts of the CATPHAN 504
imaging phantom. Error bars signify one standard deviation from the mean ROI measurement.

Figure 4.6 – Theoretical values of the CATPHAN electron density calibration inserts and also
with the ICRU recommended cortical bone density. This outlines the significant difference in
linearity between kV and MV imaging systems not represented solely by the CATPHAN
materials.
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The kV CT Baseline as seen in figure 4.5 should traditionally be fitted with a

two-step linear function however for the purposes of comparison with the CBCT, as
well as the under response of the “bone” equivalent material, it has been fitted with a

single linear curve. The MV CBCT calibration as seen in figure 4.5 (full tabulated data

in appendix 3) is a better linear fit then the kV CT calibration, making interpolation an
easier task. The intersection of 0 HU with the Relative Electron Density of 1
(traditional location of this intersection) is out by approximately 100 HU’s, even

though the imaging system was calibrated under very similar conditions using the
Siemens HU Calibration Phantom of similar dimension to that of the CATPHAN 504.

Figure 4.6 shows theoretical calculations of electron densities for the

CATPHAN 504 sensitometry inserts as well as including the ICRU recommended

cortical bone (see appendix 4 for a table of calculated data). This graphs further shows
the significant advantage in linearity of the MVCBCT system compared with a
traditional kV CT imaging system.

Figure 4.7 – CBCT CT-ED calibrations, not all represented however the smallest and largest
corrections show the significant response difference in each scenario. Error bars show one
standard deviation from the mean ROI measurement.
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Figure 4.7 shows the CATPHAN 504 Sensitometry insert calibration for

numerous reconstruction protocols. The “Small Anatomy & HN” filters as used for all
other testing with this phantom is the baseline and from here the strength of the

filtering is increased until the combination of “Large Anatomy & Thoracic” filters is
reached. Even though it is based on exactly the same anatomy and in fact the same set
of raw projection data there is a significant difference between these two calibrations.

In the region of water density there is a difference in the HU numbers between the

two reconstruction sets of ~ 180 HU, this corresponds to a difference in relative
electron density of ~ 26%.

4.2 MV CBCT PLANNING – PHANTOM STUDY
The MV CBCT image based treatment plans with calibrated CT-ED numbers

results in significantly different dose calculation compared to the baseline kV CT data
set. Figures 4.8 – 4.17 show a range of simple beam scenarios and the resulting doses
calculated and how they compare to the “expected” kV CT baseline. Figure 3.2 shows
the setup of the phantom and its differing density inserts.

Scenario 1 shows an anterior to posterior (AP) beam with its isocentre located

superiorly relative to the muscle insert. This beam is in a region of the phantom
consisting only of plastic water and hence is the simplest of the scenario’s as there is
no disturbance due to varying tissue density, see figure 3.3 for beam arrangement.
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Figure 4.8 – Scenario 1, central axis PDD’s for the test beam on each of the three study sets. The
blank background represents the plastic water phantom material.

Figure 4.9 – Scenario 1, profiles at depth 10 cm for the test beam on each of the three study sets.
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Figures 4.8 & 4.9 show that even in a relatively homogonous geometry with

simple phantom conditions the CBCT with CT-ED corrections is not producing dose

calculation comparable with the baseline plan. The PDD of this study set is shifted

deeper into the phantom as well as been of a different gradient. At the depth of dose
max region there is ~15% variation between the PDD values of these two study sets.

There is also a distinct a-symmetry to the dose profile of the MV CBCT study

with CT-ED calibration. The left hand side of the profile is ~5% greater in dose than

the baseline plan while the CBCT with forced densities shows negligible deviation

from the baseline plan. As this is the case the deviation can only be caused by the HU

assignment of the imaging system as all else remains constant. This characteristic ties
in with the non-uniformity of the HU numbers on the CBCT data set as shown in figure
4.2.

Scenario 2 shows an AP beam with its isocentre located centrally within the

phantom’s muscle insert. The beam passes through the lung insert on the proximal
side of isocentre, and exits through the adipose insert on the distal side of isocentre,
see figure 3.4.
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Figure 4.10 – Scenario 2, central axis PDD’s for the test beam on each of the three study sets. The
blank background represents the plastic water phantom material with the purple stripe
representing the lung insert, the blue stripe representing the muscle insert and the green stripe
representing the adipose insert.

Figure 4.11 – Scenario 2, profiles at depth 10 cm for the test beam on each of the three study
sets.
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Figures 4.10 & 4.11 show some variation in beam characteristics, the PDD

curves show significantly less delivered dose (~12%) is required by the beam placed
on the CBCT with CT-ED correction to achieve 1 Gy at isocentre then required by the

kV CT baseline plan. The CBCT with forced ED’s however requires marginally more

delivered dose (~4%) to achieve the 1 Gy at isocentre than the baseline plan, this

discrepancy is within the 5 % experimental tolerance of phantom setup,
reconstruction and segmentation.

The beam profiles also display the asymmetry found in scenario 1, with the left

shoulder higher than the right. Again this is not the case for the other two beam

profiles. The third minor characteristic is the spread of the small peak in the CBCT
profile’s, this can perhaps be attributed to the reduction in matrix size from 512x512

pixels in the baseline plan to 256x256 in each of the CBCT plans causing a lose in
spatial resolution.

Scenario 3 shows a lateral beam (G=90°) with its isocentre centrally located

within the muscle insert of the phantom. The beam passes through a small cross-

section of bone insert on the central axis (with larger cross-sections appearing off-

axis) proximally to isocentre, see figure 3.5.
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Figure 4.12 – Scenario 3, central axis PDD’s for the test beam on each of the three study sets. The
blank background represents the plastic water phantom material with the red stripe
representing the smaller cross section of the bone insert and the blue stripe representing the
muscle insert.

Figure 4.13 – Scenario 3, profiles at depth 15 cm for the test beam on each of the three study
sets.
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Figures 4.12 & 4.13 show similar variations in beam characteristics as those

observed in scenario 2, the PDD curves follow a similar trend as those observed in

scenario 2 with the only major difference occurring in the beam profiles. There is a
~10% increase in the off-axis profile dose for both shoulder regions of the CBCT with

CT-ED correction compared to the baseline plan, and the MV CBCT with forced CT-ED

values.

Scenario 4 shows a second lateral beam (G=270°) with its isocentre located

centrally within the muscle insert of the phantom. This beam passes through nothing
other than solid water before the isocentre and only in exiting the phantom does it
encounter a small cross-section of bone, see figure 3.6.
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Figure 4.14 – Scenario 4, central axis PDD’s for the test beam on each of the three study sets.
The blank background represents the plastic water phantom material with the blue stripe
representing the muscle insert and the red stripe representing the smaller cross-section of the
bone insert.

Figure 4.15 – Scenario 4, profiles at depth 15 cm for the test beam on each of the three study
sets.
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Scenario 4, figures 4.14 & 4.15, display similar planned beam characteristics as

seen in each of the previous scenarios. The PDD and profiles should reflect the most
simple of setups with only a small amount of variation in tissue densities at the
extremities of the field at a depth of 15cm. Neither the profiles nor the PDD’s of the

CBCT with CT-ED correction match the baseline plan; each displays similar abnormal
characteristics as the slightly more complicated scenarios presented above.

Scenario 5 shows another lateral (G=90°) beam with its isocentre shifted

inferiorly relative to the muscle insert. This region of the phantom contains the larger
cross-section of the bone insert, and as such the beam passes through this large cross-

section proximally to isocentre, see figure 3.7.
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Figure 4.16 – Scenario 5, central axis PDD’s for the test beam on each of the three study sets. The
blank background represents the plastic water phantom material with the red stripe
representing the larger cross-section of the bone insert.

Figure 4.17 – Scenario 5, profiles at depth 15 cm for the test beam on each of the three study
sets.
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Figures 4.16 & 4.17 show the greatest deviation of beam characteristics

between the CBCT with CT-ED correction and the baseline plan. Deviations of ~35%
in beam profiles and ~20% in PDD values are apparent while the CBCT with forced
ED’s remains within the 5% experimental uncertainty.

The CBCT with CT-ED correction PDD displays a change in attributes compared

to the other scenarios in that it now requires significantly more delivered dose to the
depth of dose max in order to maintain 1 Gy at isocentre, the PDD also crosses over
that of the baseline plan.

This increase in delivered dose can be attributed to a significant increase in

attenuation along the beams central axis; the large cross-section of bone is assigned a

significantly greater density than that assigned to it within the baseline plan. This then

affects the field profile, which due to the greater attenuation along the central axis has

large horns outside of this region.

Table 4-1 Summary of Scenario Findings for MV CBCT with CT-ED corrections, relative to the kV
baseline.

Scenario 1
– Water
Scenario 2
– AP
Scenario 3
– Lat 90
Scenario 4
– Lat 270
Scenario 5
– Bone

Max Diff
(%)
28.70
28.80
43.10
47.40
37.20

PDD

> 5mm
Max Diff
(%)

>10mm
Max Diff
(%)

Max Diff
(%)

28.80

28.40

7.30

25.50

43.10
47.40
37.20

Profile

Max Diff
within
FWHM
(%)

Max Diff
within
80% width
(%)

7.30

4.70

24.70

12.70

42.60

12.80

12.80

12.80

37.20

36.60

36.60

36.60

47.40

6.80

12.70

6.80

12.70

6.80
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Table 4-2 Summary of Scenario Findings for MV CBCT with forced electron density’s, relative to
the kV baseline.

Scenario 1
– Water
Scenario 2
– AP
Scenario 3
– Lat 90
Scenario 4
– Lat 270
Scenario 5
– Bone

PDD

Max Diff
within
FWHM
(%)

Max Diff
within
80% width
(%)

8.10

8.10

2.70

7.20

7.20

7.20

4.20

8.50

7.60

3.80

3.80

2.00

11.20

6.00

7.30

7.30

4.90

> 5mm
Max Diff
(%)

>10mm
Max Diff
(%)

Max Diff
(%)

2.50

12.00

23.40

8.40

6.70

27.00

12.30

20.90
25.60

Max Diff
(%)
17.10

Profile

4.20

12.00

6.60

Table 4-3 Summary of MU’s required to deliver 1 Gy to isocentre in each scenario for the kV
baseline study set and the MV CBCT with CT-ED corrections.

Scenario 1 – Water
Scenario 2 – AP

Scenario 3 – Lat 90

Scenario 4 – Lat 270
Scenario 5 – Bone

kV CT MU’s

MV CBCT MU’s

% Difference

114

107

6.5

122

149
146
153

120

136
131
179

1.7

9.6

11.5
14.5
43

Table 4-4 Summary of MU’s required to deliver 1 Gy to isocentre in each scenario for the kV
baseline study set and the MV CBCT with forced electron density’s.

Scenario 1 – Water
Scenario 2 – AP

Scenario 3 – Lat 90

Scenario 4 – Lat 270
Scenario 5 – Bone

kV CT MU’s

MV CBCT MU’s

% Difference

114

118

3.4

122
149
146
153

123
151
148
155

0.8
1.3
1.4
1.3

In summary the CBCT with CT-ED corrections provide poor dose calculation in

comparison to the baseline plan, the simplest case scenario 1, produces monitor unit

calculations within experimental uncertainty however the difference’s in both beam
profile and percentage depth dose are significant. Other more complicated scenarios
however provide increasingly poor MU calculations and beam characteristics.

The CBCT with forced densities on the other hand appears suitable for the task

and discrepancies found between dose calculated on this study set and the kV CT

study set can be attributed to uncertainty in the reconstruction, fusion and

subsequent segmentation of the image data sets. This method of electron density
assignment is relatively simple in the case of a well-defined phantom however this
will not be the reality with difficult patient specific anatomy.

4.3 MV CBCT PLANNING – PATIENT STUDY
The MV CBCT patient study has resulted in the comparison of day one

treatment DVH’s to the approved planning DVH’s for two patients. Both of the patients
MV-CBCT study sets were used with CT-ED corrections as the process of manually

segmenting each of the datasets in order to provide forced electron densities was
deemed an un-reasonable use of time. In order to achieve a time efficient forced ED
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assignment a more accurate and possibly deformable method of image fusion was
deemed necessary.

Patient 1 has had bilateral hip replacements, an increasingly common issue

arising in pelvic radiotherapy. The megavoltage imaging quality is not affected as
much as the planning kV imaging by the presence of the relatively high density

implants. The overall soft tissue resolution however is still insufficient for clear
segmentation of target volumes and organs at risk.

Figure 4.18 – Day one MVCBCT of a prostate patient. Planning kV CT (top left) and MV CBCT (top
right) images of the base of the prostate. Planning kV CT (bottom left) and MV CBCT (bottom
right) images of an anatomical location defined by the presence of two fiducial markers.
Contours present on both sets of images are, body, bladder, rectum and the phase I & II PTV’s.

Figure 4.18 shows comparison images of the day one MV CBCT against the

planning kV CT data set. It is immediately clear that the MV data is not significantly
affected by the presence of the high density implants as seen in the kV image set
however the soft tissue resolution is poor and organ segmentation would be difficult
and error prone if this was the only means of definition.
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Figure 4.19 – Patient 1 DVH comparison of the phase I PTV.

Figure 4.20 – Patient 1 DVH comparison of the phase II PTV.

46

Figure 4.21 – Patient 1 DVH comparison of the Bladder OAR.

Figure 4.22 – Patient 1 DVH comparison of the Rectum OAR.

Figures 4.19 – 4.22 show some significant differences in the planning DVH’s of

Patient 1 compared to the day one MV-CBCT generated DVH’s. Each of the PTV’s is

washed out, meaning the fall off or slope of the DVH curve is less steep with less of the
organ receiving the prescription dose and more of the organ receiving a higher dose in
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comparison to the planned values. Both the bladder and rectum DVH’s have

maintained a similar shape to the planned curves, however for both organs the doses
shown to be received are higher then those allowed for in the planning stage.

Patient 2 has undergone a treatment very similar in nature to Patient 1, the

difference being that there was not any high-density material present in the treatment

region. As a result there was no advantage gained in the use of the MegaVoltage

imaging as apposed to a traditional kV source. The MV imaging again proved difficult
when it came to identifying and segmenting target and critical structures on. The use
of image fusion and the visual aid provided by the planning image study set were

essential in generating contours.

Figure 4.23 – Patient 2 DVH comparison of the Phase I PTV.
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Figure 4.24 – Patient 2 DVH comparison of the Phase II PTV.

Figure 4.25 – Patient 2 DVH comparison of the Bladder OAR.
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Figure 4.26 – Patient 2 DVH comparison of the Penile Bulb OAR.

Figure 4.27 – Patient 2 DVH comparison of the Rectum OAR.

Figures 4.23 – 4.27 show comparison DVH’s for Patient 2 between day one MV

CBCT and the original kV planning data set. For this patient there is less distinction

between the PTV DVH’s of the day one treatment and the planning optimum. This is
most likely due to the patient setup representing more accurately the patient’s
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position compared to the original planning setup. The organs at risk however are

significantly different to the expected planning values. The bladder DVH represents
the closest match to the planning plot while the penile bulb and the rectum differ
greatly. The change in rectum DVH can be attributed to a change in the anatomy of the

rectum, depending on its state of fullness (either with gas or solids), there is a

significant possibility that the organ has shifted and become more involved in the

primary target region. The penile bulb however is harder to explain and this is most

likely caused by inaccurate registration of the organ due to the poor soft tissue
contrast of the MV CBCT image set.
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5 DISCUSSION
The MV CBCT system imaging performance overall did not match up to the

quality provided with the golden standard of kV CT. The aspect that is of great
significance for dose calculation in radiotherapy is the poor image uniformity. This is a

known problem for CBCT as it suffers greatly from the “cupping artefact”. The Siemens
solution to this problem is a number of software corrections or filters that don’t

currently resolve the issue. There is therefore scope to improve these filters or to

follow down the more accurate path of modelling the scatter received by the imaging

plate. There is also the option of including some form of hardware scatter reduction

such as a scatter grid placed over the imaging plate in order to absorb the excess

scatter produced by the geometry of the system. The non-uniformity present in the

imaging tests as reported in this thesis may be resolved with further improved

reconstruction software or hardware.

The second issue arising from the uniformity scans and also present in a

number of the dose profiles where CT-ED corrections were used is the asymmetry of

the systems images. Over a uniform area there appears to be a depreciation in HU

value from one side to the other, this is also evident in the planning dose profiles. The
problem was observed in the left-right and anterior-posterior planes. No formal

investigation into this phenomenon was undertaken however it was thought that the

problem was linked to the application of the filters used in reducing the “cupping
effect”. These filters are known to be geometry based and so this problem again

becomes one that is resolvable with some further software engineering and
refinement if in fact this is the issue.

The other aspects of the CBCT system imaging performance are not so easily

adjusted or in fact corrected. The distinct lack of low-level contrast compared to the

kV CT is unavoidable, the only possible way to improve this result is to increase the
amount of radiation used in the scan to try and increase signal to noise. This however

is at the detriment of the image object and the 15MU protocol as used in this thesis

was thought to be the maximum allowable for general patient imaging. The soft tissue
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contrast poses a problem in the definition and contouring of organs. The use of
complementary imaging such as MRI and kV CT to provide visual aid is required to
guide the user in segmentation of the MV CBCT images.

The spatial resolution of the system was also significantly worse then the kV

CT standard. The MV CBCT system was used with a grid size of 256x256 pixels while

the kV CT images consisted of a grid size of 512x512. The MV CBCT system became

slow in its reconstruction with the use of a 512x512 grid due to this applying also in

the axial direction, resulting in ~0.8mm slice spacing. Hence any increase in spatial

resolution with the decrease in pixel size was deemed less important in comparison to
the time saved in image reconstruction.

The calibration of CT numbers to electron density posed the biggest problem.

The variance in the systems response to differing sized objects, the lack of uniformity

and the a-symmetry found in the images all represented problems in obtaining a CT-

ED calibration that was useful on anything other then the phantom it was generated
from. These imaging properties will need to be addressed in order to gain a more

robust calibration. With these imaging properties adjusted it should then be possible

to have a number of different CT-ED calibrations each reflecting a different anatomy
that is commonly present within the clinic. The main feature of the imaging system
however was its linear response to varying electron density. This affords greater

confidence in the interpolation of ED values from a limited point calibration, as long as
the calibration can be confidently applied to an image.

The phantom study undertaken to determine the MV CBCT imaging systems

ability to reconstruct a daily dose was affected by this lack in imaging quality and
performance. The issue of reliable CT-ED calibration made it next to impossible to get

an accurate result reflecting that planned with the kV CT. In the simple case of a 10 cm

x 10 cm field incident on solid water there were discrepancies apparent in both the
beams percentage depth dose as well as the beam profile. This was not the case for the

same image set with forced electron densities. In fact while the planning comparison

continued to fail in the case of the CT-ED calibrated images the images with forced

electron densities remained within experimental tolerances of the baseline plan. This
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is not overly surprising, and illustrates that the system is currently in a position to be

used clinically if the electron density map is manually generated on the MV CBCT
image, however until the image quality is improved and the reliable assignment of

electron densities is demonstrated this method is not in a position to be used

clinically.

It becomes difficult to force such a large number of densities as found within a

patient’s anatomy. The ability to match the MV CBCT image set with a kV CT set and

then assign the electron densities to the former from the later is a method that would

solve this issue. As the patient anatomy at the time of each imaging study is unlikely to

be the same this method also requires a form of deformable registration provided by

software such as: MIM Maestro™, Mirada Medical XD3 and the Insight Toolkit (ITK).

This type of software was unavailable to the researcher and hence the planned patient
study was only followed through as a demonstration.

The patient study underlined the importance of complementary imaging or

surrogate fiducials, as the soft tissue contrast shown in the MV CBCT images is

insufficient for the accurate identification of some structures within the pelvic region.
The other downfall of the system is the field of view, this in the case of a medium to

large sized gentleman is insufficient in imaging the entire patient, leaving out
important information about the patient surface. This issue was resolved by using the

patients planning CT to find an approximation of their full anatomy. The MV CBCT

system did also allow for the complete imaging of a patient with bi-lateral hip

replacements. These images where not as adversely affected as those taken on the kV

CT for the patients original planning data set, allowing some of the tissues (contrast
allowing) to be better identified.

While it has not been demonstrated reliably in this thesis it has been shown

that with some key improvements it may be possible to eventually obtain an accurate
account of a patients daily dose with the Siemens Artiste.
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6 CONCLUSION
The Siemens Artiste MVision integrated imaging system has a non-uniform

response to a uniform material cylindrical object. This is an issue arising from

software corrections to the image in order to compensate for the “cupping effect”
prevalent in CBCT imaging. The spatial resolution of the system is determined to be

two line-pair per cm and its contrast ability for an object of fifteen mm is greater then
one percent.

The phantom study has shown that the reliability of the CT number to electron

density calibration has a significant effect on the accuracy of the dose calculation. The
phantom study with CT-ED calibration resulted in differences ranging from 1.7% for
the simple solid water only AP 10 cm x 10 cm beam through to 14.5% for the lateral

10 cm x 10 cm beam passing through a significant portion of bone respectively. These
differences are in the number of monitor units required to deliver 1 Gy to isocentre,

compared to the gold standard kV CT generated field values. The forced ED phantom
scenario presented results varying from 0.8% for the simple solid water AP 10 cm x

10 cm beam, through to 3.4% for the AP 10 cm x 10 cm scenario passing through the

lung insert. These differences are within experimental tolerances allowing the system
to produce accurate dose calculation on the treatment day images as long as suitable
electron density assignment is undertaken.

The patient’s daily dose is a measurable quantity, it is possible to track the

doses received to each OAR and also the accumulated dose to the target. This thesis
has not been successful in obtaining sufficiently accurate information of this nature

however it has identified key areas that can be improved in order to enable the

Siemens Artiste MVision to obtain this information. These key areas include

improvement of the current software filters for correction of the cupping effect, the
possibility of incorporating a hardware scatter reduction grid or software scatter

modelling to improve the image quality through better correction of the cupping
artefact. As a different approach to the problem the system could also benefit from the
deformable registration of the resulting MV CBCT images with a matching traditional
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CT. The traditional CT could then provide accurate CT numbers onto the MV CBCT
study set possibly providing the ability to plan treatments with these images.
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APPENDICES
APPENDIX I – SIEMENS TWO POINT HU CALIBRATION

-1014 ± 25 HU

OPEN PERSPEX RING
“AIR”
-1002 ± 25 HU

-1016 ± 23 HU

-1137 HU

-1047 ± 27 HU

-987 ± 25 HU
Figure 1 – Open Air Perspex Cross-Section of the Siemens Calibration Phantom with Resulting
HU values as determined by the Two Point HU Calibration. Note the difference in the “Air” HU
outside the ring to that inside even though the cylinder is open.

-49 ± 33 HU

-26 ± 34 HU

-36 ± 33 HU

-37 ± 34 HU

FILLED PERSPEX RING
“WATER”

-36 ± 34 HU
Figure 2 – Filled Perspex Cross-Section of Solid Water within the Siemens Calibration Phantom
with Resulting HU values as determined by the Two Point HU Calibration.
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Figures 1 & 2 display the results of the Siemens two-point HU calibration

procedure. The procedure constitutes the use of the custom Siemens image quality
phantom, setup in an isocentric position on the treatment couch and using the clinics
main imaging protocol to provide a full cone-beam CT data set of the phantom.

The Siemens imaging software automatically identifies the necessary slices of

the resulting cone-beam image set for the calibration and assigns pre-calibrated HU

numbers to the centre region of each. This calibrates a known electron density
(unknown to the user) to a pre-determined HU value.

The resulting images are available for viewing at the time of calibration and a

short dialog box is presented telling the user if the calibration was successful or not,

however no other user intervention is possible. The HU numbers presented in
diagrams 1 & 2 are the average result of a small (~1cm diameter) circular ROI placed

in the appropriate region of the phantom and the standard deviation of each
measurement is quoted as the error.
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APPENDIX II – CBCT UNIFORMITY CURVES

Figure 1 – CATPHAN 504 Uniformity results for each pair CBCT reconstruction filters and the kV
CT Baseline.

As can be seen in figure 1 each pair of filters gradually increases the magnitude

of over compensation for the “cupping artefact” in which they are designed to

eliminate. The phantom dimensions of 20 cm in diameter by 20 cm in length are not
insignificant with respect to some regions of human anatomy and as such one of the
available pairs of filters should be suitable.

59

APPENDIX III – CBCT CT-ED CALIBRATION RESULTS
Table 1 – CBCT Electron density calibration results. Materials listed left to right in order of
increasing relative electron density compared to water. Each result is in units of HU with an
error of one standard deviation quoted.

Air

PMP

LDPE

Water

Polystyrene

Acrylic

Delrin

Teflon

kV
Baseline

-985±4

-179±6

-89±4

~

-32±4

127±5

346±5

935±6

MV
CBCT
with Sml
Anatomy
and HN
Filters

-554±58

36±47

97±40

~

116±40

211±25

388±36

722±41

-512±42

69±56

159±51

~

162±41

213±36

403±58

772±42

-412±45

170±34

221±65

~

240±54

313±33

496±10

831±74

-386±45

209±34

260±45

~

300±40

370±31

522±11

856±74

MV
CBCT
with Lrg
Anatomy
and HN
Filters

MV
CBCT
with Lrg
Anatomy
and
Pelvic
Filters
MV
CBCT
with Lrg
Anatomy
and
Thoracic
Filters
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APPENDIX IV – THEORETICAL ELECTRON DENSITY TO CT NUMBER CALCULATIONS
Mass attenuation coefficients for each of the materials were sourced from the

XCOM database of NIST, reference to NIST, in order to obtain theoretical CT numbers

for the materials used in the CATPHAN 504 CT-ED calibration. The theoretical CT
number for each material was then calculated using Hounsfield’s relationship as
described in equation 1.

NCT =

1000 (µs − µw )

µw

Equation 1 – Hounsfield’s relationship, (Hounsfield 1973), between the linear attenuation
coefficient of a substance μ s at a specific energy, the linear attenuation coefficient of water μ w at
that same energy and the resulting CT number N CT in units of Hounsfield Units (HU).

As an approximation to simplify calculations both of the imaging beams have

been reduced to a mono-energetic equivalent by finding their mean energy.

As a first approximation the average energy of a high energy LINAC beam can

be found by dividing the nominal beam energy by 3. Using this approximation the
mean energy for the nominal 6 MV imaging beam of the Siemens LINAC is 2 MV.

To reach the mean energy approximation for the 120 kV CT beam it was

assumed to have a similar half value layer (HVL) of 8.2 mm of Al as found by Boone et
al, (Boone, et al. 2000), who performed HVL measurements on the same type of CT

scanner, a GE Lightspeed. Using this HVL as an approximation of the CT beam quality,
equation 3, (an adaptation of the exponential attenuation equation, equation 2) was
used to find the expected mass attenuation coefficient.
I = I0e− µ l x
Equation 2 – The exponential attenuation of a mono-energetic photon beam in a specific
material, I is the resulting intensity of and initial intensity, I 0 , passing through a thickness of the
material, x, who’s linear attenuation coefficient at the energy of the beam is μ ι .

61

µm =

0.693
ρ⋅ x

Equation 3 – The expected mass attenuation coefficient, μ m , of a beam passing through a
thickness of material, x, whose mass density is ρ.

Using equation 3 with a HVL of 8.2 mm in Al for the 120 kV imaging beam leads

to an expected mass attenuation coefficient of 0.313 cm2 g-1. This equates to mean

beam energy of 56 kV as interpolated from the NIST tables of mass attenuation
coefficient by energy for Al.

Table 1 – Mass attenuation coefficients, linear attenuation coefficients and mass densities for
each of the materials used in the CATPHAN 504, as well as the ICRU recognised cortical bone
supplement material.

Material
Air

Material
Composition
0.780 - N,
0.210 - O,
0.010 - Ar

PMP

C 6 H 12 (CH 2 )

Water

H2O

LDPE

Polystyrene

C2H4

1.205x10-3
0.83
0.92
1

C8H8

1.05

CF 2

2.16

Acrylic

C5H8O2

ICRU-44
Cortical Bone

0.034 - H,
0.0155 - C,
0.042 - N,
0.435 - O,
0.001 - Na,
0.002 - Mg,
0.103 - P,
0.003 - S,
0.225 - Ca

Teflon

Mass Density
(g cm-3)

1.18

1.92

Mass
Attenuation
Coefficient
(NIST) @ 56
kV (cm2 g-1)

Linear
Attenuation
Coefficient @
56 kV (cm-1)

Mass
Attenuation
Coefficient
(NIST) @ 2 MV
(cm2 g-1)

Linear
Attenuation
Coefficient
@ 2MV
(cm-1)

0.2010

0.1668

0.0506

0.0420

0.1930
0.2010
0.2130
0.1910
0.1980
0.1960

0.3500

0.0002
0.1849
0.2130
0.2006
0.2336
0.4234

0.6720

0.0445
0.0506
0.0494
0.0478
0.0480
0.0428

0.0416

0.0001
0.0466
0.0494
0.0502
0.0566
0.0924

0.0799
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